This article reports the first electrospray (ES) mass spectrometry observation of molecular dications that were formed in solution by sequential one-electron oxidation of the neutral molecules [viz., nickel(II) and cobalt(II) octaethylporphyrin] via the controlled-current electrolytic (CCE) process inherent to electrospray. Dication formation was found to require (1) the addition of electrolyte to the sample solution, which increased the magnitude of the ES current and, therefore, increased the extent of analyte electrolysis in the ES capillary, (2) a relatively low solution flow rate, which increased the electrolysis time (i.e., the time the analyte remained in the capillary), thereby providing more time for the analytes to diffuse to the metal-solution interface and react, and (3) the use of a platinum ES capillary, which, because it is difficult to oxidize, increased the proportion of the faradaic current that might be provided by electrolysis of solution species compared to that proportion available when the typical stainless steel capillary is used. These interpretations of the data are made on the basis of the known characteristics of the CCE process inherent to ES, supplementary data obtained from direct solution-phase observation of the metalloporphyrin redox products formed within the different metal ES capillaries by means of a novel ES ion source, and off-line cyclic voltammetry studies of the metalloporphyrins performed by using platinum and stainless steel working electrodes. (j Am Sac Mass Spectrom 1996, 7, [157][158][159][160][161][162] O ur group has shown, as have a few other groups, that monocations and monoanions formed from neutral compounds in solution by chemical electron-transfer reactions [1] [2] [3] [4] [5] [6] [7] or by the controlled-current electrolytic (CCE) process inherent to electrospray [8] [9] [10] [11] [12] [13] can be subsequently detected in the gas phase via electrospray mass spectrometry (ES-MS). We also have reported that molecular dications [4, 6] 
O ur group has shown, as have a few other groups, that monocations and monoanions formed from neutral compounds in solution by chemical electron-transfer reactions [1] [2] [3] [4] [5] [6] [7] or by the controlled-current electrolytic (CCE) process inherent to electrospray [8] [9] [10] [11] [12] [13] can be subsequently detected in the gas phase via electrospray mass spectrometry (ES-MS). We also have reported that molecular dications [4, 6] as well as dianions [5] formed in solution via chemical electron-transfer methods can be detected by ES-MS. Both the chemical and electrochemical electron-transfer methods have been shown to be sensitive and, in particular cases, selective means to ionize in solution certain types of neutral analytes (e.g., highly conjugated, aromatic, and heteroaromatic compounds) for analysis by ES-MS. Moreover, these methods have provided means for the generation and analysis of different molecular ionic species than are normally the subject of ES-MS analyses (e.g., M+' and M 2+ versus
[M + H+]+ and [M + 2H+]2+) and have provided means for the generation of ions difficult to produce by using other ion sources (e.g., M2+ from (3-carotene) [4] . In this paper, we report for the first time the ability to form dications (i.e., M 2+) from neutral analytes in solution [viz. nickel(II) and cobaltfll) octaethylporphyrin (NiIIOEP and CoIIOEP, respectivelyl] via the CCE process inherent to electrospray (ES) and the ability to observe these ions in the gas-phase via ES-MS.
Experimental
All ES-MS experiments were carried out using a Finnigan-MAT (San Jose, CA) ion trap mass spectrometer (ITMS) adapted for ES-MS. Operation of the E5-ITMS and details of the analysis of metalloporphyrins via this instrumentation are discussed in detail elsewhere [14] [15] [16] . In brief, a syringe pump (Harvard Apparatus, Inc., Cambridge, MA) was used to pump analyte solutions through a short length of 254-JLm-Ld. Teflon™ tubing (Upchurch Scientific, Oak Harbor, WA) that connected via a low dead-volume PEEK™ union (254 JLm through-hole; Up church) to either a dome-tipped 304 stainless steel capillary (6.5 cm long, 127 JLm i.d., 500 JLm o.d., Scientific Instrument Services, Ringoes, 210 p.m i.d., 400 p.m o.d.; Hamilton, Reno, NV) within a pneumatically assisted ES source. The capillary was held at a potential of 4.0 kV and placed about 1.0 cm from the front aperture of the mass spectrometer. Nitrogen gas (Liquid Air Corp., Walnut Creek, CA), at a backing pressure of 20 Ib/in. 2, was used to pneumatically assist the ES process. The ES current was measured at the front aperture plate of the mass spectrometer by grounding this plate through a Keithley (Cleveland, OH) model 610C electrometer. Voltages in the atmospheric sampling interface were optimized for transmission of the dication at the expense of monocation signal. In general, the interface conditions that maximized the dication signal were "gentle," in terms of the analyte ion-molecule collisions that occur in this region, relative to the conditions that maximized the monocation signal [15] .
To acquire UV/visible spectra of the solution that exits the ES capillary, prior to the spraying process, we employed a novel ES setup that has been described in detail elsewhere [12] . In this particular work, a syringe pump was used to deliver the appropriate solution at 1.5 or 5.0 p.L/min through 254-p.m-i.d. Teflon™ tubing, to either the dome-tipped stainless steel or platinum capillary described in the preceding text, which were connected to the tubing via a low dead-volume PEEK™ union. The downstream end of the metal capillary exited directly into the detector flow cell (4.5-mm pathlength, 5-p.L volume) of a SoloNet140 UV/visible diode array detector (DAD) system (Croton Technology, Inc., Concord, MA) that was isolated from ground to allow the ES high voltage (5 kV in this case) to be applied to the metal capillary. From the detector flow cell, the solution traveled through 30 cm of 100-p.m-i.d. fused silica capillary before finally being sprayed, with pneumatic nebulization (nitrogen gas,30-lb/in. 2 backing pressure), toward a planar electrode (-5-mm separation of capillary and electrode) that was grounded through the Keithley electrometer. The diode array detector in this ES setup was operated by using only the visible lamp. With the UV lamp on at the low flow rates employed, photoionization-photobleaching of the porphyrins in the detector flow cell occurred because of the substantial time the analyte was in the path of the intense light source.
Stock solutions (500-1000 p.M) of the porphyrins (AId rich, Milwaukee, WI) were prepared in high-performance liquid chromatography (HPLC)-grade methylene chloride (J. T. Baker, Phillipsburg, NI). From these stock solutions, sample solutions were prepared for ES-MS or the ES-DAD experiments by dilution with methylene chloride, acetonitrile (J. T. Baker), and an acetonitrile solution of lithium trifluoromethane sulfonate (i.e., lithium triflate; Aldrich) to yield a final solution composition of about 5-10-p.M porphyrin in 1/1 (vyv) acetonitrile-methylene chloride that contained either 0-, 0.1-, 1.0-, or 9.0-mM lithium triflate. For cyclic voltammetry, sample solutions were prepared to yield a final solution composition of about 200-p.M porphyrin in 1/1 (v Zv) acetonitrile-methylene chloride that contained about 50-mM lithium triflate. Cyclic voltammograms were obtained by using a BAS 100 Electrochernical Analyzer (Bioanalytical Systems, Inc., West Lafayette, IN) and a scan rate of 200 mV /s. A platinum mesh was used as the auxiliary electrode and a silver wire was used as the quasireference electrode. Either a platinum disk electrode (2 mm dia.) or a 316 stainless steel capillary-bore union (model ZU1C, Valco, Houston, TX) was used as the working electrode. Ferrocene (Aldrich) was added to each sample solution for use as the reference redox system.
Results and Discussion
Shown in Figure la are the relative ion currents for the monocation (IM+' rn/z 590) and dication (IM2+' rn/z 295) of Ni HOEP recorded during six separate continuous infusion experiments that employed either platinum or stainless steel ES capillaries and different solution flow rates. (The first oxidation product of NiHOEP is an odd-electron species, i.e., M+·. However, neutral CoHOEP is paramagnetic; hence, the first oxidation product is an even-electron species, i.e., M+. To avoid confusion, the mono-and dications of both NiHOEP and CoHOEP will be referred to as M+ and M 2+, respectively.) Note that the dication is observed only when the platinum capillary is used, and the greatest intensity is observed at the lowest solution flow rate. Furthermore, the total porphyrin ion signal recorded, that is, (I M++ 1 M2 +) (see Table 1 ), is greater at each flow rate when the platinum capillary is used, and (IM++ 1 M2+) recorded by using either capillary decreases as the flow rate increases from 1.5 to 5.0 p.L/min. An additional point that cannot be ascertained from these data alone is the fact that the gasphase ion intensities recorded for the monocation greatly increase [13] and the dication first is observed only when electrolyte (i.e., lithium triflate) is added to the sample solution. For Ni HOEP, an electrolyte concentration of about 1.0 mM was found to provide the best signal intensities for the porphyrin ions with minimal background noise. This increase in porphyrin ion signal upon the addition of electrolyte to the solution correlated with the resulting increase in the magnitude of the ES current iES' The respective values of i ES measured (± 15% relative standard deviation, RSD) at the front aperture plate of the mass spectrometer are shown in Figure 1 and Table 1 . These currents are nearly identical for the two capillaries at the same flow rate. Figure 1b is. the ES mass spectrum of NiHOEP obtained at a flow rate of 1.5 p.L/min with the platinum capillary and serves to illustrate the signal-tobackground quality of the spectra. The only porphyrin ion other than the mono-or dication of significant abundance in this spectrum (or any of the other spectra recorded) is observed at rn/z 575, which corresponds to a fragment of the monocation, that is, [M-15]+, formed via interface fragmentation [15] . Table 1 . Summary of experimental and calculated data for the Ni"OEP experiments illustrated in Figure I "
Flow rate Calc. for conversion to" [19] ). dMaximum electrolysis time I E = 7Tr~'/I" where re is the internal radius of the capillary, 'is the length of the capillary, and v is the solution flow rate through the ES capillary.
"ES current measured at the front aperture plate of the mass spectrometer. "M+ is the relative ES mass spectrum ion current recorded for the monocation. g'M2+ is the relative ES mass spectrum ion current recorded for the dication.
hU M ++ 'M2+) is the normalized total porphyrin ion current. The solution-phase electrolytic origin of these metalloporphyrin mono-and dications is supported by data that were obtained by direct observation of the Ni HOEP solution used to acquire the data in Figure 1 as it exited the ES capillary of a specially designed ES-diode array detector setup mS-DAD) [12] . Because operational conditions and ES behavior of the ES-DAD system are similar to those of the normal ES setup [12] , the concentration of the ionic porphyrin species detected in solution with the ES-DAD should be similar to the concentration of these same species that exit the capillary in the normal ES setup, which we subsequently detected in the gas phase (Figure 1 ). The UVIvisible spectra of Ni HOEP shown in Figure 2 were obtained with the ES-DAD setup by using both the platinum (Figure 2a ) and stainless steel (Figure 2b ) ES capillaries. For reference, the spectrum of the neutral porphyrin (solid curve: A max = 386 (e == 2.2 X 10 5 Lyrnol cm~1), 510, and 548 nm [6, 17, 18] ), obtained with the ES high voltage switched off, is shown in each case. With the platinum capillary (Figure Za) , the UVIvisible spectrum obtained with the high voltage on at a flow rate of 5.0 JLL/min (dashed curve) demonstrates complete conversion of the neutral to the radical cation as evidenced by the absence of the peaks at 386, 510, and 548 nm and the appearance of the absorbance peak diagnostic of the radical cation at 370 nm (e == 9.0 X 10 4 Lz'mol cm -1 [6, 17, 18] ). Because ES behaves as a CCE cell [12] and because the potentials required for formation of the mono-and dication of Ni HOEP are sufficiently separated (about 0.5 V for Ni HOEP; see subsequent text), the potential at the metal-solution interface within the ES capillary will shift to a value sufficiently positive to form the dication only after all the neutral porphyrin is oxidized to the monocation. This is apparently the case when the flow rate is reduced to 1.5 JLL/min: the spectrum then recorded (dotted curve) shows a decrease in the inten- sity of the absorption peak at 370 nm, which we believe is indicative of oxidation of the monocation to the dication. This interpretation is consistent with the data in Figure 1 , which show that the dication is observed in the gas phase at a flow rate of 1.5 p.L/min, but not at 5.0 p.L/min. Unfortunately, a DV/visible spectrum of the Ni 1I0EP dication could not be located in the literature to confirm this hypothesis. The DV/visible spectra in Figure 2b demonstrate that for a given set of conditions, the extent of porphyrin electrolysis within the stainless steel capillary is less than that observed within the platinum capillary. Note that this is true even though the magnitude of i ES (which ultimately limits the extent of electrolysis [12] ) recorded with stainless steel capillary is slightly higher in this particular case than i ES recorded when using the platinum capillary. At a flow rate of 5.0 p.L/min, the spectrum recorded with the high voltage on (dashed line) indicates the presence of both the neutral compound (peaks at 386, 510, and 548 nm) and the monocation (low wavelength tail on the peak centered at 386 nm), Reduction of the flow rate to 1.5 p.L/min results in more extensive electrolysis of the porphyrin, but the appearance of the spectrum indicates that a substantial fraction of the analyte that exits the stainless steel capillary is still the neutral molecule. This observation coincides with the observed increase in where nj is the number of electrons involved in the oxidation of one molecule of species j, Ai is the concentration of species j oxidized, F is the Faraday Table 1 ). Moreover, because neutral porphyrin remains in solution, the dication will not be formed, which is consistent with the observed absence of dication in the gas phase under similar ES-MS operational conditions.
We previously demonstrated that the molecular monocation of Ni 1I0EP could be formed in solution by one-electron electrolytic oxidation of the neutral porphyrin via the CCE process inherent to ES and that these ions subsequently could be observed in the ES mass spectrum [9, 12, 13] . However, previously we were not able to form the dication and observe it in the gas phase because we did not use the proper combination of ES-MS operational parameters, namely, i ES ' solution flow rate, and ES capillary material. The conditions necessary for formation and observation of the Ni 1I0EP dication can be understood in terms of the diffusion-limited transport of the analyte for reaction at the metal-solution interface within the ES capillary and in terms of the current-limited nature of the electrolytic process inherent to ES [12] . Comparison of an estimated maximum analyte diffusion time to and the time the analyte remains in the capillary, that is, the maximum electrolysis time t E , at the various flow rates (Table 1) indicates that the porphyrin molecules throughout the capillary should have sufficient time to diffuse to the metal-solution interface for reaction, even at a flow rate of 5.0 p.L/min (i.e., to < t E ) . This finding is corroborated by the ES-DAD data in Figure  2a that shows full conversion of NillOEP to the monocation at 5.0 p.L/min when the platinum capillary is used. However, efficient formation of the dication requires a longer electrolysis time than formation of the monocation because, as mentioned previously, all the neutral porphyrin must be converted to the monocation before the dication will be formed. Therefore, the initially formed monocations that diffuse away from the interface after their formation or are expelled by the positively charged ES capillary (migration effect) must make their way back to the interface for further reaction once all the available neutral porphyrin is converted to the monocation. If we assume the migration effect can be ignored (a valid assumption given that the electrolyte concentration is higher than the concentration of the analyte), the electrolysis time necessary for efficient formation of the dication could be at least twice the diffusion time shown in Table 1 . In fact, the dications are observed only at the flow rates where t E > 2t o'
The current-limited nature of the electrolytic process is expressed by Faraday's law shown in eq 1: constant (9,648 X 10 4 Cy mol), and v is the solution flow rate through the ES capillary, From this equation it can be seen that i ES ' and the current due to the electrolysis reactions in the capillary, that is, the faradaic current i«. are equal in magnitude and directly proportional to the total amount of material that reacts to supply the current With reference to the Ni"OEP data in Figure 1 and calculations based on eq 1 (Table 1) , the magnitude of i ES measured at all three flow rates should be sufficient for complete oxidization of the Ni"OEP to the dication, provided that it is available for reaction and no reactions other than porphyrin oxidation supply iF' (Note that complete electrolysis was not possible with little or no electrolyte added to the solution because of the much lower magnitudes of i ES ,) In the case of the platinum capillary, we see in the mass spectra the dication at the low flow rates where the porphyrin is available for reaction, although the conversion efficiency is not 100% (i.e., both M+ and M 2 + are observed), However, in the case of the stainless steel capillary, the dication is not observed and the total porphyrin ion signal is less at each flow rate than that recorded with the platinum capillary. Thisindicates that some other reactions must be supplying faradaic current that might otherwise be supplied by porphyrin oxidation. We believe that at least one of these reactions is the oxidation of iron in the stainless steel capillary.
This hypothesis is supported by the work of Kebarle and eo-workers [8] , who have shown that a substantial fraction, if not all, of the faradaic current in an ES source may be supplied by oxidation of the iron in the stainless steel capillary. We found that the cyclic voltammograms (CVs; not shown) of Ni"OEP obtained by using stainless steel and platinum working electrodes also supported this contention. The CV data showed that both the monocation and dication of Ni "OEP could be formed at a platinum working electrode in acetonitrile-methylene chloride 0/1 v rv) as evidenced by two distinct and characteristic anodic waves (Ni "OEP peak potentials: E pa1 = 0.84 V and E pa2 = 1.37 V versus SCE [6] ). Consistent with the expected behavior in this solvent system [19] , there was no evidence for oxidation of the platinum within this potential range. In contrast, neither the oxidation wave for the porphyrin nor the wave due to oxidation of the redox reference ferrocene (E = 0.31 V versus SCE [19] ) could be discerned in the CV of Ni"OEP recorded with a stainless steel working electrode. This was because of an anodic current that at approximately 0.8 V began to increase dramatically and continued to increase with increasing potential. Such behavior is indicative of the occurrence of a non-diffusion-controlled oxidation process that we believe is the oxidation of iron (and possibly other metals, e.g., chromium, nickel, or manganese) in the stainless steel electrode. This current begins to increase rapidly at about the same potential needed to form the monocation of Ni "OEP, but before the potential needed to form the dication. Thus, in an ES ion source, one may surmise that oxidation of solution species whose redox potentiaIs are greater than about 0.8 V, such as the dication NiIlOEP, will be precluded when a stainless steel ES capillary is used because the major portion of iF may be supplied by reaction of the more easily oxidized capillary material. By using the ES capillary fabricated from platinum, which is much more difficult to oxidize than the components of stainless steel, a greater fraction of iF may be supplied by oxidation of solution species. Oxidation of the components of the stainless steel capillary at about 0.8 V also is consistent with earlier observations that noted the efficiency of the CCE process for analyte ionization-detection in ES-MS rapidly decreased for species with redox potentials greater than about 0.6 V [9, 11] .
As might be predicted on the basis of the foregoing discussion, a similar ES-MS data set, which is summarized in Figure 3 , was obtained by using Co"OEP as the analyte. In this case, however, the "cleanest" spectra that contained the dication were obtained with O.I-mM lithium triflate in the solution ( Figure Sb) . Higher concentrations of the electrolyte, which increased the magnitude of i ES and the signal levels for both the mono-and dication at all flow rates, resulted in the production of significant background noise. At this point we have not delineated the origin of these background ions. However, because the dication of Co"OEP is formed at a much lower potential than the dication of NillOEP (Co"OEP peak potentials: E pa1 = 0.76 versus SCE and E pa2 = 0.92 V versus SCE [6] ), these ions possibly might result from the further oxidation of the dication. It should be noted also in this case that the magnitude of i ES recorded with the platinum capillary is higher at each flow rate than the current recorded with the stainless steel capillary. This difference might be explained by slightly different positions of the ES capillaries relative to the front aperture plate of the mass spectrometer or possibly by differences in the electrolysis reactions that take place in the two capillaries that lead to different solution compositions and, therefore, different magnitudes of i ES [13] . Nonetheless, the observed variations in the magnitude of i Es recorded with the platinum and stainless steel capillaries under the various ES-MS operational conditions used in this work probably merit further study.
Conclusions
We have shown that the dications of Ni"OEP and Co"OEP can be formed in solution via the CCE process inherent to ES and that they can be observed in the gas phase when ES-MS operational parameters are such that the faradaic current (iES = iF) is sufficient for complete electrolysis of the porphyrin to the dication, the porphyrin is available for reaction at the metal-solution interface within the capillary, and the reaction of no other species in the system can supply faradaic current that might otherwise be used to oxidize the porphyrin. These operational conditions were achieved by the addition of electrolyte to the sample solution, which increased the magnitude of the i ES ' the use of relatively low solution flow rates, which provided more time for the porphyrins to diffuse to the metal-solution interface and react, and the use of a platinum ES capillary, which increased the proportion of iF supplied by electrolysis of the porphyrins when compared to that proportion supplied when a more easily oxidized stainless steel capillary is used. In general, these operational parameters should enhance the formation-detection of ions originally neutral in solution by ES-MS. This enhancement will be the result of 
